Introduction
Thiosemicarbazones are well-known for their versatile coordination chemistry, 1 biological activity 2 and theranostic applications. 1a ,3 3-Amino-2-pyridinecarboxaldehyde thiosemicarbazone, also referred to as Triapine, a very efficient inhibitor of ribonucleotide reductase (RNR), 4 has entered a number of clinical trials 5, 6, 7 and showed promising results in treatment of hematological diseases. 8 However, low efficacy is detected in solid tumors, 9 presumably because of rapid development of resistance, 10 and, accompanied by marked side effects, e.g, methemoglobinemia. 5, 6, 7 RNRs catalyze the conversion of ribonucleotides to their corresponding deoxyribonucleotides in all living organisms, providing the essential building blocks required for DNA replication and repair. 11 The oxygendependent mammalian class Ia RNRs consist of two homodimeric subunits designated α 2 (R1) and β 2 (R2). A radical-based catalytic mechanism is operative in the R1 subunit, where nucleotide reduction is initiated through the reversible one-electron oxidation of a conserved cysteine residue to a thiyl radical. R2 houses a µ-oxo-bridged diferric tyrosyl radical (Fe III 2 -Y•) cofactor ( Figure 1 ) essential for initiating thiyl radical formation in R1. 12 As RNR plays a crucial role in nucleic acid metabolism, it is target for several clinical drugs. 13 Triapine has been shown to be a potent inhibitor of the R2 subunit of RNR, and, insights into the underlying mechanisms were reported. 14 The understanding of, and the search for new compounds inactivating either the R1 or the R2 subunit of RNR is important for further optimization and development of new anticancer drugs. 50 values in the nanomolar concentration range and also in xenografts. 18 It was found to be superior to some first-line chemotherapy drugs such as cisplatin and BCNU 19, 20 or targeted-therapy agents, such as cetuximab and erlotinib. 21 DpC, a member of the second generation of di-2-pyridylketone thiosemicarbazone (DpT) analogues, was identified as a lead drug candidate. 22 It has shown a number of advantages over another lead compound, di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT), and, in particular higher antitumor activity in vivo, better tolerability when administered orally, lack of specific side-effects, and increased stability in blood plasma. Recently, we initiated synthesis of thiosemicarbazones originating from aldehydes closely related to (-)-monophyllidin (Chart 1), 24 a new alkaloid L-proline derivative from Zanthoxilum monophillum, which showed selective antibacterial activity against Enterococcus faecalis 29212, with the aim of increasing aqueous solubility and extending structure-cytotoxicity relationship studies. Note that investigation of thiosemicarbazones as potential anticancer agents in the 1950s followed the studies which demonstrated their antiviral activity. 25, 26 L-and D-proline 5-methyl-salicylaldehyde thiosemicarbazones along with their copper(II) complexes were prepared and compared for antiproliferative activity in vitro. 27 The synthesis was further extended by replacing the phenolic moiety by a pyridine functionality, 28 since it was known that N-heterocyclic thiosemicarbazones with potential NNS binding sites for transition metals have increased antiproliferative activity both in vitro and in vivo. 17 Highly water-soluble copper(II) L-and D-proline 2-pyridinecarboxaldehyde thiosemicarbazones were found to act as inhibitors of topoisomerase IIα and display antiproliferative activity in CH1 ovarian carcinoma cells. 29 Thiosemicarbazones exert their biological effects through the ability to effectively bind transition metal ions, in particular, iron(III). 30 Also, remarkable cell-dependent cytotoxicity of dicopper(II) and Herein, to elucidate the structure-activity relationships (SARs), and to disclose their potential as R2
RNR inhibitors, we synthesized and characterized six proligands (Chart 3) by exploring the essential SAR derived from previous studies, in which the replacement of the terminal hydrogens by one or two alkyl group increased the cytotoxicity 23, 10 and six dicopper(II) complexes (Chart 4). One lead dicopper(II) complex and one thiosemicarbazone were found to be able to bind to the protein with low µM affinities, as well as having a noticeable effect on the R2 tyrosyl radical (Y•) species as shown by using EPR and UV-vis spectroscopy. The utility of these methods along with rRaman spectroscopy in the studies of functional models of tyrosinase and galactose oxidase is well documented in the literature. Chart 3. Proligands studied in this work. All compounds have been investigated by X-ray crystallography.
Chart 4. Copper(II) complexes studied in this work with line drawings for the ligands. All copper(II) complexes have been investigated by X-ray crystallography.
Results and Discussion
Syntheses. From the reaction of 3-(chloromethyl)-2-hydroxy-5-methylbenzaldehyde (species A in Scheme S1) 33 with dimethyliminodiacetate hydrochloride in THF/DCM 1:1 in the presence of triethylamine, the aldehyde B (Scheme S1) was prepared in 83% yield. The latter was further reacted with a series of substituted 4N-thiosemicarbazides to give six new thiosemicarbazones,
(Chart 3), with yields ranging from 76 to 93%. The identity and purity of the aldehyde B and proligands was confirmed by elemental analysis, ESI mass spectra, IR, UV-vis, 1 H and 13 C NMR spectra (see Tables 1 and S1 , Experimental, Figures S1-S25 group was replaced by -OMe originating from the solvent. Trimethylsilyl is generally known as a protecting group, which can then be easily cleaved by acid or base hydrolysis or by treating with fluoride ion. But, as compared to trimethylsilyl-oxygen, the trimethylsilyl-carbon bond is more hydrolytically stable surviving in a variety of synthetic transformations of the compounds, in which it is incorporated. However, the C−Si bond can be cleaved by electrophilic or nucleophilic agents.
Both protic acids and Lewis acidic metal halides can be used as electrophiles. 34 It has been documented that this bond is also cleaved under mild conditions, e.g., in methanol in the presence of potassium carbonate 35 or potassium hydroxide, 36 silver nitrate in aqueous alcohol 37 and palladium salts. 38 In our case it would be assumed that copper(II) assists this replacement as a Lewis acidic metal center. In the presence of the same salt, an intramolecular cyclization via C-S coupling reaction between naphthyl carbon and thione group occurred in H 2 L 5 with formation of a fivemembered thiaza ring. The generated group is of great interest in bioactive systems. 39 Only tautomeric changes were noticed upon complex formation between CuCl 2 and H 2 L 6 . Nevertheless, we marked this modification by using an italic L for the ligand, as was also the case for the other four new ligands formed upon complex formation (see Chart 4) . The IR spectra of the complexes showed the blueshifted azomethine and carbonyl ester group vibrations as a result of coordination of Cu (II) ions by N and O donor atoms (Table 1 and Figures S26-S31) . -1595 1616 1616 1607 1597 1610 1566 1562 1564 1570 1547 1553   υ thioamide I-IV  -1535   1452   1379   835   1547   1450   1379   845   1551   1460   1358   868   1529   1480   1329   820   1531   1487   1373   868   1524   1460   1377   864   1460   1433   1344   814   1510   1414   1342   822   1487   1393   1329   822   1535   1456   1391   812   -1443   1366   1323   862   υ thiazole ring  -----------1481   1443   1377   1319   -υ(N-N)  -957  951  941  953  957  972  968  955  962  962  955  972   υ(C-N)  1269 1286 1292 1296 1294 1288 1288 1271 1268 1273 1283 1290 1294 υ
The electronic absorption spectra of complexes in methanol showed the presence of broad and intense bands attributed to LMCT transitions at 374, 376, 375, 380, 417, and 370 nm, and to d-d
transitions with maxima at 660, 638, 638, 634, 696 and 658 nm for 1−6, respectively. All six complexes were found to crystallize from methanol with formation of X-ray diffraction quality single crystals, which were investigated by X-ray crystallography (vide infra). In the case of 1 and 5, Figures S34 and S35 ), so that the coordination geometry should be described as square-pyramidal for both Cu1 and Cu2 (τ descriptor 0.01 and 0.04 for 2 and 3, respectively). Table 2) . Besides increased cytotoxicity, the absence of selectivity towards cancer cell lines should be taken into account for the two complexes 1 and 5. complexes with 2-pyridinecarboxaldehyde-and di(2-pyridyl)ketone thiosemicarbazones. 45 Related copper(II) complexes with 2-benzoylpyridine thiosemicarbazones showed antiproliferative activities in submicromolar concentration range and were more cytotoxic than the thiosemicarbazones themselves. 46 The underlying mechanism of antiproliferative activity of the copper(II) complexes is due to induced early apoptosis via ROS accumulation in the cells and DNA cleavage. Although some of the recently reported copper(II) complexes with thiosemicarbazones exhibit high antiproliferative activity in cancer cells, the reported data on selectivity for cancer cells are scarce. 47 For further investigations compounds were selected from the series of proligands and dicopper(II) complexes based on their selectivity to cancer cells (see Table 2 ).
Cell cycle analysis. Cell cycle analysis of K562 cells treated with copper(II) complexes and their
corresponding proligands 2 − H 2 L 2 and 3 − H 2 L 3 , as well as with cisplatin was performed by flow cytometry after staining with propidium iodide. 48 Cells were continuously exposed to the investigated compounds and cisplatin for 24 and 48 h with concentrations corresponding to their IC 50 values as shown in Table 2 . protein in buffer containing 1% DMSO was incubated with the two compounds, along with the control sample (blank) for 1 min at 298 K. For the first set of EPR measurements, 55 µM R2 monomer was incubated with 40 µM of each compound, whereas for the second set of EPR measurements, 50 µM protein was incubated with an equal concentration of compounds, yielding a 1:1 molar ratio. In the latter case, DTT was also added in two steps, where spectra recorded after 6.5
and 146 min incubation time correspond to sample incubations after addition of 0.5 and 1 mM dithiothreitol (DTT), respectively. Between each recording of spectra, samples were simultaneously thawed, incubated for the indicated times (see Table 3 for total times of incubation), and quickly refrozen in liquid nitrogen. As seen in Table 3 temperature. This is also observed from the UV-vis spectroscopy, where the peak at 408 nm, characteristic of a tyrosyl radical, was followed. The Y• seems to be quenched to a larger extent in the presence of H 2 L 2 than in the presence 3 ( Figure 12 ). As both compounds bind to the R2 protein with low µM affinities, and show significant effects on Y• quenching, these results taken together strongly indicate that both H 2 L 2 and 3 serve as effective R2 inhibitors. However, the effect of 3 is in this case greater than observed in R2 samples where DTT was not added (see Figure 10 and Table 2 ). 
Conclusions
A series of six iminodiacetate-thiosemicarbazone hybrids and six dicopper(II) complexes, the latter resulting from reactions of copper(II) salts with the proligands, have been synthesized and characterized by X-ray diffraction, analytical and spectroscopic techniques. All compounds were assayed for antiproliferative activity in four cancer and one noncancerous cell lines showing moderate to high cytotoxicity often exceeding that of the clinical drug cisplatin. There are no clearcut structure-activity relationships to be mentioned. 
Synthesis of proligands

Dimethyl-2,2'-((3-formyl-2-hydroxy-5-methylbenzyl)-azanediyl)diacetate (B).
To a solution of dimethyliminodiacetate hydrochloride (1.00 g, 5.00 mmol) in DCM (25 mL) a solution of 3-(chloromethyl)-2-hydroxy-5-methylbenzaldehyde (A) (0.90 g, 5.00 mmol) in THF (25 mL) and triethylamine (3 mL) were added. The color changed to yellow. The reaction mixture was stirred at room temperature overnight. The precipitate formed was filtered off. The filtrate was concentrated under reduced pressure to afford yellow oil, which was dissolved in DCM (30 mL) and poured into a saturated aqueous solution of sodium hydrogen carbonate (75 mL). The organic layer was separated and the aqueous solution was extracted with DCM (2 × 10 mL). The combined organic extracts were concentrated under reduced pressure to give yellow oil which was dried in vacuo. 4 . To a solution of B (0.31 g, 1.00 mmol) in methanol (5 mL) a solution of (trimethylsilyl)methylthiosemicarbazide (0.17 g, 1.00 mmol) in water/methanol mixture 2:1 (15 mL) was added and the mixture was stirred at reflux for 1 h. The yellow precipitate was filtered off, washed with cold methanol/water 1:1 (3 × 5 mL), then with cold methanol (3 mL) and diethylether (3 mL) and dried in vacuo. Single crystals were obtained by recrystallization of the raw product from 3331w, 3209m, 3045w, 3013w, 2955, 2885w, 2956w, 1720s, 1597w, 1531s, 1487s, 1431s, 1373m, 1288s, 1211vs, 1088m, 999s, 957m, 868m, 768m, 731m, 679m, 633m, 600w, 573vw.
H 2 L 6 . To a solution of B (0.64 g, 2.00 mmol) in methanol (5 mL) a solution of S-methylisothiosemicarbazide hydroiodide (0.47 g, 2.0 mmol) in methanol/water 1:2 (15 mL) was added. The resulting mixture was stirred at reflux for 1 h, then a solution of sodium hydrogen carbonate (0.17 g, 2.0 mmol) in water (5 mL) was added. A yellow oil was formed which was decanted, washed with cold methanol/water 1:1 (3 mL), dissolved in DCM (10 mL) and extracted with water (3 × 30 mL).
The organic layer was concentrated under reduced pressure and dried in vacuo to afford yellow oil.
Single crystals of X-ray diffraction quality were obtained by recrystallization of the raw product from methanol/water 1: 3456w, 3344w, 3124vw, 2999, 2951w, 2864, 1736vs, 1610s, 1524vs, 1460s, 1437s,   1377m, 1337m, 1288s, 1252s, 1202vs, 1153vs, 1007s, 973s, 864m, 744m, 667w , 629w, 577w. ATR-IR, cm -1 : 2930w, 2808w, 1720m, 1664s, 1639s, 1591w, 1562m, 1510s, 1462m, 1414s, 1380m, 1342m, 1300w, 1265m, 1230m, 1202m, 1182w, 1131m, 1107w, 1078m, 1022s, 955m, 914m, 868m, 822m, 764m, 731s, 648s, 611vs, 581vs. Crystal data, data collection parameters, and structure refinement details are given in Tables S2 and   S3 . The structures were solved by direct methods and refined by full-matrix least-squares techniques.
Synthesis of copper(II
Non-H atoms were refined with anisotropic displacement parameters. H atoms were inserted in Molecular Modeling. The compounds were docked to the crystal structure of the R2 subunit of RNR (PDBid:1W68)(resolution 2.2 Å), 14b,15 which was obtained from the Protein Data Bank (PDB). 57, 58 The Scigress version FJ 2.6 program 59 was used to prepare the crystal structure for docking, i.e., hydrogen atoms were added, the crystallographic water molecules were removed. The software was also used to prepare the compounds for docking using MM2 603 force field or by entering crystallographic co-ordinates. The docking directed at the center of the binding pocket was defined as (x = 102.276, y = 87.568, z = 80.588) with 10 Å radius. One hundred runs were allowed for each compound with 100% search efficiency. The basic amino acids lysine and arginine were defined as protonated. Furthermore, aspartic and glutamic acids were assumed to be deprotonated.
The GoldScore (GS), 61 scoring function was implemented to validate the predicted binding modes and relative energies of the ligands using the GOLD v5.4 software suite.
Cloning, Expression and Purification of Mouse R2. Mouse R2 was cloned, expressed and purified based on previous protocols, 62, 63 with some modifications. In brief, the R2 gene synthesized and cloned into a pET-3b plasmid was ordered from GenScript (GenScript USA Inc). The pET-3b-R2 plasmid was transformed into competent E. coli BL21 (DE3)-T1 R cells (Sigma-Aldrich). Cells containing the pET-3b-R2 plasmid were grown in Terrific Broth (TB) medium containing 100 µg/mL ampicillin. Protein expression was induced by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM. Cell cultures expressing the R2 protein were incubated for 12-16 h at 20 °C with vigorous shaking before harvesting. The frozen cell paste was lysed using an X-press®, 64 dissolved in buffer containing 100 mM Tris-HCl, pH 7.5, 10 mM EDTA, 2 mM dithiothreitol (DTT) and protease inhibitor cocktail (Roche), and cleared from nucleic acids by streptomycin sulfate (2.5%) precipitation. Mouse R2 protein was precipitated with 0.29 g/ml ammonium sulfate, dissolved in 50 mM Tris-HCl, pH 7.5, 1 mM DTT and desalted using a HiTrap
Desalting column (GE Healthcare). Desalted protein was applied to a HiTrap HP Q column (GE Healthcare), and the proteins were separated with a 0 -0. 
EPR Sample Preparation.
Highly purified mouse R2 protein, reconstituted as described above, was used for incubation with the proligand H 2 L 2 and complex 3. The proligand and complex are soluble in DMSO, and solutions each containing 3 mM H 2 L 2 or 3 in DMSO were prepared. The final DMSO concentration in the protein solution was kept to 1%. Two series of samples were prepared and used for separate EPR measurements. For one EPR experiment, three samples of 180 µL 55 µM R2 monomer in 50 mM HEPES, pH 7.5, 100 mM KCl, 1% DMSO and 5% glycerol were prepared, where two samples were also added H 2 L 2 or 3 to final concentrations of 40 µM (yielding a molar ratio of ∼ 0.75 tested compound/R2 monomer). For another EPR experiment, three samples of 180 µL 50 µM R2 monomer in 50 mM HEPES, pH 7.5, 100 mM KCl, 1% DMSO and 5% glycerol were prepared, where two samples were also added H 2 L 2 or 3 to final concentrations of 50 µM (yielding a molar ratio of 1 tested compound/R2 monomer). All samples were incubated at 298 K for 1 min, transferred to quartz EPR tubes and frozen in liquid nitrogen. During the latter EPR measurements, DTT was added at two different time points (see next section). UV-vis Spectroscopy of Mouse R2 with H 2 L 2 and 3. The active mouse R2 protein was analyzed at room temperature by UV-vis spectroscopy using an Agilent 8453 diode array ultraviolet-visible spectrophotometer. All spectra were baseline corrected. 30 µM R2 protein in 50 mM HEPES, pH 7.5, was added either H 2 L 2 or 3 (in 1% DMSO/50 mM HEPES pH 7.5) at two different times, yielding total concentrations of compounds of 6 and 30 µM, respectively. 1 mM DTT was added twice, yielding a total DTT concentration of 2 mM.
X-band EPR Experiments
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Our findings suggest that some of the synthesized proligands and dicopper(II) complexes are effective antiproliferative agents with selectivity for cancer cells. Molecular modeling calculations, binding affinity measurements performed by microscale thermophoresis, as well as kinetic measurements of the concentration of tyrosyl radical both in the absence and in the presence of DTT by EPR and UV-vis spectroscopies indicate the formation of adducts and possible inhibition of RNR R2 by the investigated compounds.
